Dendritic cells (DC) both produce and respond to chemokines. We examined the profiles of chemokines and chemokine receptors expressed by DC and their chemotactic response after interaction with Leishmania major. Expression of the chemokine receptors CCR2 and CCR5 by DC and their responsiveness to the respective ligands, CCL2 and CCL3, were downregulated, while the level of CCR7 and the DC response to its ligand CCL21 were enhanced. These parasite-induced alterations were observed with DC from L. major-resistant and -susceptible mice. In contrast, expression of the chemokine CXCL10 was elicited only in DC from L. majorresistant mice.
Immunity against infectious agents requires the coordinated action of components of the innate and adaptive immune systems. Dendritic cells (DC) guard the sites of pathogen entry to the host, such as skin and mucosae, and fulfill the critical task of conveying microbial signals to lymphocytes, thus instructing the development of an appropriate specific immune response. A fundamental aspect of this function is the recruitment of DC into peripheral tissues and their ability to migrate via tissuedraining lymphatic vessels to the T-cell areas of regional lymph nodes. The migratory capacity of DC is tightly regulated by their responsiveness to chemokines (5, 11) . In the present study, we analyzed the profiles of chemokine receptors and chemokines expressed by DC after exposure to the protozoan parasite Leishmania major. Moreover, L. major-treated DC were tested for their chemotactic response.
Parasites and generation of DC. Promastigotes of the L. major isolate MHOM/IL/81/FE/BNI were grown in vitro in blood agar cultures. For the preparation of lysate, stationaryphase promastigotes were subjected to three cycles of rapid freezing and thawing. To generate DC (4), freshly prepared bone marrow cells from 4-to 6-week-old C57BL/6 or BALB/c mice were cultured in Click RPMI 1640 medium (Biochrom, Berlin, Germany) supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 10 mM HEPES buffer, 17 mM NaHCO 3 , 0.05 mM 2-mercaptoethanol, 60 g of penicillin per ml, and 20 g of gentamicin per ml in the presence of 200 U of granulocyte-macrophage colony-stimulating factor (GM-CSF) (PeproTech, London, United Kingdom) per ml. Cultures were fed with GM-CSF at days 3, 6, and 8. After 10 days, the nonadherent cells were collected and shown to have a typical DC morphology with a myeloid DC phenotype (7) . Cells were resuspended at 10 6 /ml in 24-well plates in culture medium containing 200 U of GM-CSF per ml and exposed for 24 h to stationary-phase promastigotes (10 parasites per DC), L. major lysate (equivalent to 30 parasites per DC), lipopolysaccharide (LPS) (Sigma-Aldrich, Taufkirchen, Germany) at 1 g/ml, or LPS plus gamma interferon (IFN-␥) (BD Biosciences, Heidelberg, Germany) at 200 U/ml. The cells were then collected for RNA extraction or resuspended in culture medium for analysis of their chemotactic activity. Upon DC exposure to live parasites, more than 98% of the cells were infected with L. major, as determined by fluorescence microscopy after staining with acridine orange and ethidium bromide.
RNA extraction, RPA, and RT-PCR. Total RNA was extracted from DC using the RNeasy Midi kit (QIAGEN Operon, Cologne, Germany) according to the manufacturer's instructions. The expression of chemokine and chemokine receptor genes was analyzed using the RiboQuant RNase protection assay (RPA) system kit (BD Biosciences) following the instructions of the supplier. The quantity of protected RNA was determined using ImageMaster software (Amersham Biosciences Europe, Freiburg, Germany). The values are expressed as units relative to the L32 rRNA gene.
For reverse transcription-PCR (RT-PCR), 2 g of RNA was reverse transcribed (One-Step RT-PCR kit; BD Biosciences), and the relative amounts of the respective mRNA were determined using the following primers: CXCL10 antisense, 5Ј-GAG CCT GAG CTA GGG AGG AC-3Ј; CXCL10 sense, 5Ј-CGG GCC AGT GAG AAT GAG GG-3Ј. ␤-Actin primers were used to normalize the amount of template RNA (␤-actin antisense, 5Ј-CTC TTT GAT GTC ACG CAC GAT TTC-3Ј; ␤-actin sense, 5Ј-GTG GGC CGC TCT AGG CAC CAA-3Ј). One-Step RT-PCR conditions were as follows: (i) reverse transcription (1 h at 50°C); (ii) an initial denaturation step (5 min at 94°C); (iii) 25 cycles of amplification, with 1 cycle consisting of denaturation (30 s at 94°C), annealing (30 s at 64°C), and elongation (1 min at 68°C); and (iv) a final extension step (2 min at 68°C).
Chemotaxis assay. The chemotactic activity of DC was examined using 24-well Transwell chamber plates (8-m pore size; Corning Costar, Bodenheim, Germany). The upper compartments were supplemented with 10 6 cells in 0.5 ml of cul-ture medium, and 1.5 ml of culture medium alone or culture medium containing 50 ng of the chemokine CCL2, CCL3, or CCL21 (PeproTech) per ml was added to the lower chambers. After overnight incubation, the cells were harvested from the bottom chambers and labeled with biotin-conjugated anti-I-A d or anti-I-A b monoclonal antibodies (BD Biosciences) and streptavidin-conjugated fluorescein isothiocyanate (Serotec, Düsseldorf, Germany), followed by enumeration of major histocompatibility complex class II-positive cells using a fluorescence microscope.
Exposure to L. major modulates the expression of chemokine receptors and chemokines in DC. Differences in the pattern of chemokine receptor expression by DC regulate their responsiveness to chemoattractants and, consequently, their migratory activities (5, 11) . Therefore, we examined whether the interaction of DC with L. major parasites leads to a modulation of chemokine receptor gene expression. LPS, a wellcharacterized stimulator of DC maturation (11) , was used as a positive control to validate the extent of the signals induced by L. major. RPA of RNA isolated from DC that had been infected with L. major or had been treated with parasite lysate showed that expression of chemokine receptors CCR1 and CCR6 was not altered (data not shown). In contrast, the expression of CCR2 and CCR5 was significantly downregulated by L. major, whereas that of CCR7 was upregulated compared with DC of the same maturation stage that had not been exposed to antigen (Fig. 1A and B) . The parasite-induced changes in chemokine receptor gene expression were observed with DC from both L. major-susceptible BALB/c mice and L. major-resistant C57BL/6 mice. Flow cytometric analyses and confocal microscopy demonstrated that exposure to L. major also modulated the expression of these chemokine receptors on the surfaces of DC from both strains of mice (data not shown). The modulation of CCR2, CCR5, and CCR7 expression did not require infection of DC with L. major, because DC exposure to both live parasites and lysed organisms altered the profile of chemokine receptor expression.
DC are both a target and a source of chemokines. Therefore, we also examined whether mRNA expression of chemokines is modulated by L. major. DC were found to express a range of chemokines, such as CCL3, CCL4, and CCL5, that were not regulated by the parasites (Fig. 1 and data not shown) . In contrast, expression of chemokines CCL2 and CXCL10, which could not be detected in unstimulated DC, was induced by exposure of DC to L. major (Fig. 1A and B) . The modulation of DC chemokine expression by L. major was also observed at the protein level, as determined by an enzyme-linked immunosorbent assay (data not shown). While a CCL2 response was elicited in DC from both L. major-susceptible and -resistant mice, parasite-induced expression of CXCL10 was observed only in DC from L. major-resistant C57BL/6 mice but not in those from L. major-susceptible BALB/c mice. This is not due to a general failure of BALB/c DC to express CXCL10, since control experiments with various DC stimuli demonstrated that, although the well-established DC activator LPS was also unable to trigger significant CXCL10 levels in these DC, the chemokine was expressed in response to BALB/c DC stimulation with the combination of LPS and IFN-␥ (Fig. 1C) .
DC infection with L. major or treatment with parasite lysate modulates their migratory activity. To evaluate whether the parasite-induced modulations in chemokine receptor expression correlate with changes in the responsiveness to the corresponding ligands, DC from L. major-susceptible BALB/c and L. major-resistant C57BL/6 mice were tested for their migratory activity in response to the respective chemokines. The results of the chemotaxis assay showed that exposure of DC to L. major caused a reduction of about 50% in the chemotactic response to CCL2 and CCL3, the ligands of CCR2 and CCR5, respectively (Fig. 2) . This is in accordance with the parasiteinduced downregulation of CCR2 and CCR5 expression in DC (Fig. 1) . On the other hand, the increased expression of CCR7 by L. major-treated DC (Fig. 1 ) was associated with a 2.3-to 3-fold enhancement of the migration in response to CCL21, the ligand of CCR7 (Fig. 3) . Consistent with the findings obtained by RPA and immunofluorescence analysis of chemokine receptor expression, the chemotactic capacities of DC from L. major-susceptible BALB/c mice and L. major-resistant C57BL/6 mice were very similar.
Conclusions. DC play a central role in the initiation and regulation of the immune response to Leishmania parasites (6, 15) . The results of this study show that DC respond to L. major by altering their migratory properties through the expression of various chemokine receptors and by releasing inflammatory chemokines. Interaction with L. major downmodulated CCR2 and CCR5 expression in DC and their responsiveness to the respective ligands, CCL2 and CCL3, while CCR7 expression and the DC response to its ligand CCL21 were enhanced. Such a change in the profile of chemokine receptors expressed by DC has been demonstrated to be associated with their recruitment from peripheral tissues to secondary lymphoid organs (10, 11, 13, 17) , a requirement for the encounter of antigenbearing DC and responder T cells. Interestingly, the L. majorinduced modulations in chemokine receptor expression and responsiveness to their ligands were comparable for DC from L. major-susceptible and -resistant mice, suggesting that the differential ability of these mice to control leishmaniasis is not due to host-dependent effects of the parasite on the expression of chemokine receptors directing DC migration. In contrast, the selective modulation of chemokine receptor expression appears to depend upon the Leishmania species, since DC from mice infected with Leishmania donovani were reported to have reduced expression of CCR7 and decreased responsiveness to CCR7 ligands (1) .
We observed considerable levels of L. major-induced CCL2 expression in DC from both L. major-resistant and -susceptible mice. Contrasting functions of this chemokine in leishmaniasis have been reported. CCL2-deficient mice do not mount a Th2 response, and upon L. major infection of CCL2 Ϫ/Ϫ mice on an L. major-susceptible BALB/c background, their lesions are significantly smaller than those of infected wild-type mice (3). On the other hand, deficiency in the expression of CCR2 (the receptor for CCL2) of mice on an L. major-resistant C57BL/6 ϫ 129/J background shifts the L. major resistance to susceptibility that is dominated by Th2 cytokines and correlates with an impairment of Langerhans cell migration to the draining lymph nodes (14) . CCL2 is preferentially expressed in draining lymph nodes of L. major-resistant mice (18, 20) , and we previously demonstrated that self-healing localized cutaneous leishmaniasis in humans is associated with strong CCL2 expression in the skin lesions (9) . Moreover, we showed that VOL. 73, 2005 NOTES 2565
on October 1, 2017 by guest http://iai.asm.org/ dermal macrophages are the source of CCL2 in lesions of patients and that CCL2 triggers leishmanicidal activity in human monocytes (8) . Together, our findings suggest that CCL2 expression by macrophages correlates with parasite elimination, while the L. major-induced CCL2 response of DC appears to have different functions with host-independent significance, such as the recruitment of immature DC, which is important to sustain antigen sampling in peripheral tissues, and of other cell types that are involved in the effector phase of the immune response (11, 12) . Notably, L. major parasites elicited a CXCL10 response in DC from L. major-resistant mice, while they failed to induce expression of this chemokine in DC from L. major-susceptible mice. Previous studies (18, 20) major-susceptible mice, and showed that the cytokines interleukin 12 and IFN-␥ are required for increased levels of CXCL10 expression (20) . The present study extends these findings by documenting for the first time that CXCL10 derived from L. major-stimulated DC is relevant for the higher level of this chemokine in L. major-resistant mice and, therefore, underlines the significance of DC functions for cure versus susceptibility to experimental leishmaniasis. A particular feature of CXCL10 is its ability to recruit and activate NK cells (16, 18) . This is of considerable interest in light of the recent observation that the cross talk between DC and NK cells is essential for their reciprocal activation (2) . Moreover, DCderived CXCL10 has been demonstrated to attract and retain T helper cells within the DC-T-cell clusters in the draining lymph nodes (19) and may thus contribute to Th1 cell polarization in L. major-resistant mice.
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